Abstract.-Two lines of evidence indicate that the degree of symmetry in phylogenetic topologies differs at different hierarchical levels. First, in a set of 61 phylogenies with superspecific taxa as their terminals, trees were on average more unbalanced (asymmetric) when the species richness of terminals was considered than when it was not. Second, nodes with a given number of higher taxa descended from them were on average more unbalanced than were nodes with the same number of species as descendants. There are several possible reasons-some biological, some artifactual-for the differences. Whatever the reason, these results caution against treating species-level and higher level phylogenies as equivalent when considering tree shape. The imbalance measure adopted here permits the use of trees that contain polytomies, facilitating a larger sample than has been achieved previously. [Imbalance; MeSA; phylogeny shape; taxonomic level.]
Is the shape of phylogeny of extant organisms similar at different hierarchical levels, as is apparently the case with the shape of taxonomic classifications (Burlando, 1990 (Burlando, , 1993 ? Four surveys of phylogeny topology have considered this question, though none has focused on it. Guyer and Slowinski (1991) tabulated frequencies of different topologies for 30 complete five-genus trees and 120 fivespecies trees that were complete or had only one extant species missing. They did not explicitly compare the relative frequencies at different levels, but analysis of their data yields a nonsignificant tendency for higher level trees to be more balanced (χ 2 2 = 3.86, P = 0.15). Heard (1992) surveyed the imbalance of 195 phylogenies. Each tree had 4-14 terminals, all of the same rank, but rank varied among trees. Imbalance (measured by Colless's (1982) imbalance index, I c ) did not depend on rank in a Fisher's test combining P values from 11 separate twoway ANOVAs (χ 2 16 = 20.56, P = 0.8), which Heard interpreted as contradicting Guyer and Slowinski's (1991) survey. Heard's trees, however, were generally not complete. A genus-level tree, for instance, would often not include representatives of all the genera forming a clade. Random omission of taxa does not bias imbalance (Guyer and Slowinski, 1991) , but taxa included in phylogeny estimates are unlikely to be a truly random selection. Mooers (1995) therefore restricted his survey to phylogenies missing at most one terminal. He compiled a set of 39 such trees, each having 8-14 terminals, and found no effect of terminal rank on I c (P = 0.3); the conclusion was unchanged when he augmented his 39 trees with 82 from Heard's (1992) compilation (P = 0.8).
Most recently, Stam (2002) analyzed a set of 69 complete phylogenies to test the effects on imbalance of kingdom (plant vs. animal), data type (morphological, molecular, or combined), and taxonomic rank of terminal (superspecfic vs. species or below). Stam measured a tree's imbalance as the degree to which its value of I c exceeded the expected value for a tree of that size under a null model in which probabilities per unit time of diversification and extinction are constant across all contemporaneous lineages (the equal-rates Markov [ERM] model). The taxonomic rank of the terminal had no effect in a three-way ANOVA (F 1,63 = 0.075; P = 0.8; Stam, 2002) . Analyses of sets of trees, then, have found no effect of rank on balance but have mostly been based on either fairly small samples (Guyer and Slowinski, 1991; Mooers, 1995) or incomplete trees (Heard, 1992) . Even the most recent study (Stam, 2002) included only 21 trees that had superspecific terminals, limiting the power to discern any effect of terminal rank. An analysis of a larger set of complete trees is therefore in order.
Another observation bearing on the question comes from two analyses of a complete genus-level phylogeny of hoverflies (Katzourakis et al., 2001; Purvis et al., 2002) . Katzourakis et al. (2001) assessed tree shape using Fusco and Cronk's (1995) I, an imbalance measure that can be applied to trees containing polytomies . The tree was found to   844   2002   PURVIS AND AGAPOW-PHYLOGENY IMBALANCE AND TAXONOMIC LEVEL   845 be significantly more balanced (P < 0.001) when the analysis considered the species richness of the genera (species-level analysis) than when species-richness was ignored (higher level analysis). This pattern resulted from a tendency for the more species-rich genera to be basal, suggesting that differences in age among taxa of a given rank might preclude uncritical use of higher taxa as equivalent units (see Avise and Johns, 1999) . Subsequently, Purvis et al. (2002) identified a flaw in the construction of I whereby its expected value at a node depended upon the number of terminals ultimately descended from it (i.e., its size). A suitably modified imbalance measure (see below) made the difference between specieslevel and higher level analyses equivocal (P = 0.007-0.08, depending upon details of analysis: Purvis et al., 2002) . A study of more trees is needed to determine the prevalence of significant differences between species-level and higher level analyses.
We analyzed a large set of phylogenies to answer two questions. Does the use of terminal species-richness make a significant difference to tree imbalance? Does the imbalance of nodes of a given size (number of terminals) depend upon whether those terminals are species or higher taxa? PHYLOGENIES We searched the literature for arthropod, plant, and vertebrate phylogenies meeting the following seven criteria. First, trees had to be produced by maximum parsimony (MP), maximum likelihood (ML), neighbor joining (NJ), UPGMA, or matrix representation with parsimony (MRP). In practice, 56 of the 61 included trees were MP estimates; two (Isoptera and Pleurodira) used ML, two (Angiospermae and Eutheria) used MRP, and one (Anura) used NJ. Second, the data set must have been presented in the source or otherwise made available or cited or have had all character changes mapped onto the tree. These first two criteria are intended to ensure that the tree is based on an explicit analysis of data rather than on opinion. Third, trees must be either the single tree yielded by the search or a strict or semistrict consensus of all optimal trees from the search. This criterion is included because effectively random resolutions of polytomies, such as might be found in one of many mostparsimonious trees chosen at random, are expected to have a distribution that is extremely unbalanced (Guyer and Slowinski, 1991; Mooers et al., 1995; Huelsenbeck and Kirkpatrick, 1996; Aldous, 2001) . Fourth, terminals must correspond to a taxonomic level above that of species, and at least 80% of terminals within a tree must be of the same rank. Fifth, trees must contain at least five terminals and provide at least one bifurcation at which our imbalance measure can be computed. We did not, however, require trees to be fully bifurcating. Sixth, trees must be virtually complete, in the sense that virtually all species in the ingroup clade can be assigned to a terminal. Our definition of virtually complete is that no more than 5% of species can be unassigned. Seventh, estimates of current species numbers could be obtained for each terminal. Sometimes species-richness data were found for taxa corresponding to internal nodes but not for all their descendant terminals. In such cases, the descendant sister terminals were lumped together until they corresponded to a taxon for which the number of species was available.
When we found multiple trees covering a particular set of relationships, we chose the one having the most inclusive ingroup (i.e., greatest breadth of coverage). When the trees differed little in this regard, we chose the most recent. In this way, we minimized nonindependence among trees. Table 1 details the 61 trees that met the criteria for inclusion.
IMBALANCE
The imbalance of each phylogeny was measured twice. In the higher level analysis, terminals were treated as single entities. In the species-level analysis, terminals were viewed as polytomies from which a number of species were descended. We used Fusco and Cronk's (1995) I, as modified by Purvis et al. (2002) , to measure the imbalance of each bifurcating node with at least four terminals descended from it (smaller nodes lack alternative topologies):
where S is the size of the node, B is the size of the larger descendant node, and m is the minimum value B could take (i.e., S/2 rounded up to the next integer if S is odd, w = 1, if S is even, and
if S is even, and
The weighted mean I across all nodes has an expectation of 0.5 under ERM . The product of I and w divided by the tree's mean w is termed I w ; under ERM, the expectation of I w is also 0.5 . All imbalance scores and weights were computed using MeSA version 1.1.0 (Agapow, in prep.; http://www.bio.ic.ac.uk/evolve/software/ mesa).
Each phylogeny is thus characterized by two sets of I, w, and I w scores, one from the higher level analysis and one from the species-level analysis. Under the null hypotheses that the two types of tree are drawn from the same distribution of tree shapes, the two sets of scores should also come from the same distribution.
Tree Imbalance and Taxonomic Level
For each tree, we computed the weighted mean I from both the higher level and species-level analyses. We used a randomization test (4,000 randomization trials) on the I w scores to test the significance of differences in mean I w among levels for each tree, provided that the sample size was sufficiently large to permit rejection of the null hypothesis of no difference. The test is not paired because the higher level analysis contributes more nodes than does the species-level analysis.
The information from the single-tree analyses was combined in meta-analyses to test the null hypothesis that taxonomic level does not affect imbalance. We used a sign test to assess whether the median of the differences in weighted mean I departed significantly from zero. We then used a weighted one-sample t-test to assess whether the central tendency of these differences (weighted by the inverse of their squared standard errors) was significantly nonzero.
Node Imbalance and Taxonomic Level
Does the imbalance at a node of given size depend upon whether the terminals are species or higher taxa? To answer this question, we made use of a more inclusive data set of phylogenies that we have collected, meeting criteria 1, 2, 3, 5, and 6. The full data set and the references from which the trees came are available on request from A.P.
To minimize any effects of node size on imbalance, we restricted this analysis to nodes of size ≤20, which left us with 1,218 specieslevel nodes and 451 higher level nodes. To this data set, we fitted a general linear model to predict I (weighted appropriately) from the size of node and level of analysis. We applied model simplification (Crawley, 2002) to reduce the model to significant terms only; under the null hypothesis, there will be no significant effect of level of analysis.
All statistical tests were conducted using R 1.4.1 for the Macintosh (Ihaka and Gentleman, 1996) ; P values reported are twotailed. Table 2 shows the results of the within-tree analyses. The higher level and species-level mean I w differed significantly within 5 of the 55 trees that permitted a test; this proportion exceeds 0.05 but not significantly (binomial test: P = 0.2). However, meta-analyses show a significant effect of taxonomic level. For 39 of the 61 trees, the higher level analysis suggested a greater degree of imbalance (sign test: P = 0.04). The mean of these within-tree differences is significantly nonzero (weighted t-test:x = 0.040, SE = 0.0191, t 60 = 2.10, P = 0.04). Figure 1 is a plot of the mean imbalance for each tree from the higher level analyses against its mean imbalance from the species-level analyses. The solid line indicates equality. The dashed lines are at 0.5 on either axis, which is the expectation under ERM. The correlation between higher level and species-level means is 0.273 (P = 0.03).
In the ANCOVA to predict nodal imbalance from node size and level of analysis, neither the interaction term (t 1665 = 0.116, P = 0.91) nor node size (t 1666 = −0.459, P = 0.65) was a significant predictor, but the weighted mean I of the higher level nodes was significantly higher than that of the species-level nodes (0.695 vs. 0.637, t 1667 = −2.510, P = 0.01). 
DISCUSSION
Any survey of phylogenies is faced with a trade-off between stringency and quantity. Our criteria for including a phylogeny are less stringent than those of Mooers (1995) (we did not reconstruct trees from the data) but are more stringent than those of Heard (1992) (we required trees to be virtually complete). The most obvious casualty of our desire (and that of most previous workers) for a large sample of trees has been that we have not sought information about relative ages of nodes. Such information permits testing of aspects of self-similarity that we have not been able to consider, most obviously testing for trends in net diversification rate through time (Zink and Slowinski, 1995; Pybus and Harvey, 2000) . The development of methods for date estimation in the absence of a molecular clock (e.g., Sanderson, 1997; Rambaut and Bromham, 1998; Thorne et al., 1998; Huelsenbeck et al., 2000) and indeed the increasing use of molecular data for phylogeny reconstruction raise the prospect that a different path will be possible within a few years, permitting resolution of some issues now left unresolved. The process of clade growth can retain constant features (e.g., distribution of relative rates of diversification), and the topology can be self-similar, even if rates show trends over time.
Our choice of imbalance measure is also based on the practical wish for a larger sample. Our measure can be used simply with polytomous trees, whereas measures with longer pedigrees and better-characterized behavior, such as I c , cannot be used with such trees (Kirkpatrick and Slatkin, 1993) . This distinction is important because the amount of shape information a tree contains increases with its size, while its chance of being completely resolved decreases. Thus, we used several trees of which only parts were analyzed by Mooers (1995) , and our largest tree had 334 terminals, whereas his had 14. Differences in construction between our imbalance measures and those used in previous studies might also contribute to the differences between our and previous results. Previous surveys have used imbalance measures based on I c , which is particularly heavily influenced by the imbalance of nodes near the root of the tree (Shao and Sokal, 1990; Mooers and Heard, 1997) . Our tree shape measures give much more even weight to nodes throughout the tree (for discussion, see Agapow and Purvis, 2002) . A variant of I c in which nodes are assigned equal weight has been proposed (Mooers and Heard, 1997:35) but never to our knowledge used. Trees are, on average, more unbalanced when analyzed at higher levels than when analyzed at the species level. The imbalance difference is rarely significant within a particular tree but is apparent overall and does not vary among arthropods, plants, and vertebrates (weighted one-way ANOVA: F 2,58 = 1.137, P = 0.3). Most of our trees are much smaller than the hoverfly phylogeny whose analysis (Katzourakis et al., 2001; Purvis et al., 2002) in part motivated this study, which may explain the paucity of significant results in Table 2 . Analysis of the results in Table 2 shows that the sign of the difference between levels does not in general depend upon the total number of nodes (logistic regression on log [sample size], t = −0.86, P = 0.4). Our largest tree, a supertree of angiosperm families (Davies, unpubl.) , shows a significant difference between levels but one that goes against the trend; this phylogeny is more unbalanced when species numbers are considered, in line with a previous suggestion that the major angiosperm families are distal rather than basal . The average difference in tree imbalance between levels (0.68 for species level, 0.72 for higher level) is not very large, perhaps explaining in part why previous studies have not detected it. The correlation between species-level and higher level mean imbalance is only 0.273 (Fig. 1) . Higher level analysis gives a sloppy, as well as biased, estimate of species-level imbalance. In common with previous surveys, our collection of trees is much more unbalanced than would be expected under ERM.
Our result indicates that basal taxa tend to contain more species on average than do distal taxa of the same rank. There are three ways in which the pattern could arise as an artifact of taxonomic practice. The first results when decisions about how many higher taxa to recognize are taken on the basis of how disparate the species are and when anagenesis and cladogenesis are not tightly coupled. Under these circumstances, there would be a negative correlation between rates of anagenesis and the numbers of species per higher taxon. Taxa with low rates of anagenesis would be less "split" and thus more basal and would contain more species on average than taxa with rapid anagenesis (Katzourakis et al., 2001 ; see also Fortey et al., 1996) . The second mechanism applies when decisions about taxonomic boundaries are shaped by the desire for more efficient classification. Here, clades of old but depauperate basal lineages might be lumped together to reduce the variance in taxon size (Cronk, 1989) . The third mechanism applies when basal taxa are paraphyletic assemblages. Such taxa might contain many more species than the (younger) monophyletic taxa of the same rank that have arisen within them (Cronk, 1990; Belshaw et al., 2001 ). This last mechanism would have particularly serious repercussions for the study of phylogeny shape, questioning as it does the entire meaning of the phylogenies. Two facts argue, albeit weakly, against its importance in shaping our result. First, the trees used are recent and so would be expected to have lower prevalences of paraphyly than those in earlier surveys of older trees. Second, the effect of the level of analysis on imbalance does not differ among vertebrates, arthropods and plants, despite these groups undoubtedly being at very different stages on the path toward having completely elucidated phylogenies.
The pattern may, however, be a true reflection of biological processes. If rates of cladogenesis are set by evolving traits but the details of which trait combinations promote radiation change markedly through time (due to, for instance, sudden environmental change), then newly favored combinations may be more likely to be found in a hitherto species-poor higher taxon. Under this model, there is always variation among contemporaneous lineages in their rate of diversification, but different higher taxa are successful in different time periods, making the phylogeny less unbalanced when species numbers are considered than when higher taxa only are used.
Timescale information, whether from paleontology or from DNA sequence analysis, would permit some discrimination among these possible mechanisms. Under the artifactual explanations, the most recent common ancestors (MRCAs) of basal extant taxa would tend to be older than the MRCAs of distal extant taxa of the same rank. The biological process outlined above would not lead to such a difference but leads to a prediction that could be tested by splitting the 851 history of a clade into successive time intervals, using for instance the method of Nee et al. (1992:8323) . Within each time interval, it would predict one or more lineages to leave significantly more descendants (by the end of the time interval) than predicted by ERM. However, the radiating lineages in one interval are not predicted to be descended from those in the previous interval. The fossil record provides ample evidence that different clades wax and wane at different times (e.g., Simpson, 1953; Sepkoski, 1984) , as required by this model, and may also indicate that radiating lineages have often previously been depauperate (Cooper and Fortey, 1998) .
Moving to our second set of analyses, nodes of a given size also tend to be more unbalanced if the terminals are higher taxa (x = 0.69) rather than species (x = 0.64), and this difference is independent of node size, at least within the range considered here. Such a difference could arise if the higher level phylogenies were based on less reliable data than the species-level phylogenies, because imbalance has been greater with poorer cladistic data in simulations and some sets of published phylogenies Huelsenbeck and Kirkpatrick, 1996; Salisbury, 1999) . We have made no attempt to analyze this possibility. Many of our trees did not present robustness measures (unlike Mooers [1995] , we did not reconstruct the trees from the data matrices), and it is unclear how to compare different robustness metrics, especially in trees of different sizes. Stam (2002) , in the most recent study of the issue, found no significant correlation between tree shape and two measures of data quality (retention index and consistency index), suggesting that the effect may at worst be a very subtle one. Perhaps this is because, although old nodes may well be hard to reconstruct accurately, estimation of species-level phylogenies has its own problems (Barraclough and Nee, 2001 ). Species may be paraphyletic and/or may form hybrids, and sorting of ancestral polymorphisms may lead to gene trees differing from the species tree. There are other possible explanations for our result. The difference between levels could arise when higher taxa differ systematically in age, with MRCAs of more basal extant taxa tending to be older. Alternatively, the evolutionary process could have changed over time, such that evolutionary potential is now distributed more evenly among lineages than it was previously. Finally, our result could arise when extinction is phylogenetically nonrandom but takes a long time. The tree shape near the tips of the tree would then be dominated by the signature from speciation rates, with the nonrandom effects of extinction becoming increasingly apparent in older and older nodes. Extinction is commonly nonrandom (reviewed by Purvis et al., 2000) , but for the process outlined to work, extinction rates must be either negatively correlated or uncorrelated with speciation rates. Correlations between speciation and extinction rates have important macroevolutionary effects (Stanley, 1979; Heard and Mooers, 2000) . The last two possible explanations for our second result conflict directly with the biological model outlined to explain our first. The time interval analysis would provide a critical test.
Whatever the cause of the differences reported here, they signal the need to take care when comparing tree shape for phylogenies at different taxonomic levels. If higher taxa are comparable, the topology of phylogenies does not show self-similarity at different hierarchical levels, and the difference needs to be explicitly considered in any analysis combining higher level and species-level trees. If higher taxa are not comparable because of tendencies for species-rich taxa to occupy particular phylogenetic positions (basal or distal), then higher level trees should be used only with great caution unless a timescale is available.
